Abstract: Due to the progressive nature of type 2 diabetes, many patients need insulin as add-on to oral antidiabetic drugs (OADs) in order to maintain adequate glycemic control. Insulin therapy primarily targets elevated fasting glycemia but is less effective to reduce postprandial hyperglycemia. In addition, the risk of hypoglycemia limits its effectiveness and there is a concern of weight gain. These drawbacks may be overcome by combining insulin with incretinbased therapies as these increase glucose sensitivity of both the α-and β-cells, resulting in improved postprandial glycemia without the hypoglycemia and weight gain associated with increasing the dose of insulin. The dipeptidyl peptidase-IV (DPP-4) inhibitor vildagliptin has also been shown to protect from hypoglycemia by enhancing glucagon counterregulation. The effectiveness of combining vildagliptin with insulin was demonstrated in three different studies in which vildagliptin decreased A1C levels when added to insulin therapy without increasing hypoglycemia. This was established with and without concomitant metformin therapy. Furthermore, the effectiveness of vildagliptin appears to be greater when insulin is used as a basal regimen as opposed to being used to reduce postprandial hyperglycemia, since improvement in insulin secretion likely plays a minor role when relatively high doses of insulin are administered before meals. This article reviews the clinical experience with the combination of vildagliptin and insulin and discusses the mechanistic basis for the beneficial effects of the combination. The data support the use of vildagliptin in combination with insulin in general and, in line with emerging clinical practice, suggest that treating patients with vildagliptin, metformin, and basal insulin could be an attractive therapeutic option.
When the findings from the Diabetes Control and Complications Trial and the United Kingdom Prospective Diabetes Study (UKPDS) were reported in the 1990s, the importance of good glycemic control became universally recognized. [1] [2] [3] [4] Further, the UKPDS established metformin as the "gold standard" first line monotherapy in the treatment of type 2 diabetes (T2DM) in most countries. With disease progression, a second and third oral agent were added; until recently these were usually a sulfonylurea (SU) or a thiazolidinedione (TZD). Short-or intermediate-acting insulin added before two to three meals each day was used only as a last resort when this triple oral therapy failed. Usually metformin and/or SU were maintained after initiation of insulin therapy, whereas TZDs were usually discontinued in patients without severe insulin resistance to avoid exacerbating the edema seen in some patients with insulin therapy.
All three of the aforementioned oral antidiabetic drugs (OADs) act to lower the basal glucose levels. Short-acting insulin provides a bolus action to lower glucose levels during meals, and the intermediate-acting insulin also includes a basal effect throughout the daytime. Although insulin-dosing regimens to control basal glucose during the night were utilized by specialists, this strategy was not widely employed.
More recently long-acting basal insulin, glucagonlike peptide (GLP-1) receptor agonists, and dipeptidyl peptidase-IV (DPP-4) inhibitors have been introduced, and use of TZDs has declined due to concerns about congestive heart failure and increased bone fractures. DPP-4 inhibitors and GLP-1 agonists have largely replaced TZDs and compete with SUs as first choice to be added to metformin; they are also used as triple therapy added to metformin and SUs. Increasingly, patients failing to maintain glycemic control with metformin/SU, metformin/DPP-4 inhibitor or metformin/GLP-1 receptor agonist are progressing directly to insulin without having first attempted noninsulin triple therapy. This is largely driven by the convenience and lower hypoglycemic potential of long-acting basal insulin. There is controversy regarding which, if any, prior OADs should be discontinued before initiating insulin therapy, 5, 6 although it is probably most common to discontinue SUs and to maintain metformin [7] [8] [9] in order to reduce hypoglycemic potential and weight gain, while taking advantage of metformin's insulinsensitizing actions.
Vildagliptin is a potent and selective inhibitor of DPP-4 that improves glycemic control in patients with T2DM by blocking the degradation of the incretin hormones, GLP-1 and glucose-dependent insulinotropic polypeptide (GIP). Thus vildagliptin increases plasma levels of the intact biologically active form of both of these peptides [10] [11] [12] and thereby increases the sensitivity and responsiveness of pancreatic α-cells and β-cells to glucose. 12 Owing to the perception that incretinbased therapies act primarily to reduce postprandial glucose (PPG) rather than fasting plasma glucose (FPG) levels and knowledge that excessive PPG is the predominant dysglycemia early in the T2DM disease process, 13 it was often recommended that DPP-4 inhibitors be employed early in patients with relatively low A1C (6.5%-7.5%) or as an add-on to metformin or a TZD with increasing A1C levels.
14 However, it is now clear that vildagliptin's effect on FPG is not only secondary to its effect on PPG but also due to a direct effect on overnight hepatic glucose production (HGP) as a result of a long-standing inhibition of DPP-4, covering also the overnight period. 12 Moreover, there is now increasing evidence that DPP-4 inhibitors, such as vildagliptin, are useful at later stages of T2DM. 15, 16 Furthermore, it was recently demonstrated that vildagliptin's efficacy is independent of disease duration and degree of insulin resistance. 17 There is a strong rationale for using incretin-based therapies with insulin. In particular, hypoglycemia is the limiting factor in glycemic management for insulin-treated patients with T2DM, 18 and incretin-based therapies have a low hypoglycemic potential. In fact, there is good scientific basis to expect DPP-4 inhibitors to prevent or counteract hypoglycemia through increased levels of intact (active) GIP [10] [11] [12] that stimulate glucagon secretion under hypoglycemic conditions. 19 In addition, incretin-based therapy is not associated with weight gain, which is commonly seen with other agents.
In this review we will describe the studies in which vildagliptin has been used in combination with insulin, provide a mechanistic basis to explain the results from these studies, discuss the efficacy and differences in hypoglycemia between the studies, and attempt a consolidated therapeutic recommendation.
Experience with vildagliptin in combination with insulin
Data regarding vildagliptin in combination with insulin are available from several studies across a time period of more than 7 years. The first study with vildagliptin in combination with insulin by Fonseca et al was completed in 2005. 20 This was a 24-week, multicenter, randomized, double-blind, placebo-controlled study in which patients with T2DM and inadequate glycemic control (mean baseline A1C 7.5%-11.0%) received vildagliptin (n = 144, 50 mg twice daily [bid]) or placebo (n = 152) while continuing prior insulin monotherapy. 20 Randomized patients had advanced disease (mean T2DM duration ∼15 years) and a long history (.6 years) of insulin treatment. The mean daily insulin dose at baseline in the study was 82 U, administered on average by three injections per day. Reflecting clinical practice at the time, there was significant short-acting insulin use by almost half of the patients enrolled in the study.
After 24 weeks of treatment, A1C decreased by 0.5% from a baseline of 8.4% (68 mmol/mol) in patients receiving vildagliptin (between-group difference = −0.3%, P = 0.010), with only a minimal increase in insulin dose (∆ = +1.2 U/day with vildagliptin, +4.1 U/day with placebo) despite dose adjustments being allowed. Body weight increased slightly in both groups (1.3 vs 0.6 kg from a baseline of 95 kg) with no significant between-group difference. Interestingly, hypoglycemic episodes were reported with a lower frequency and severity with vildagliptin compared to placebo. In the vildagliptin group, only 33 patients experienced a total of 113 events, whereas in the placebo group 45 patients submit your manuscript | www.dovepress.com Dovepress Dovepress experienced a total of 185 events (1.95 vs 2.96 events/ patient year, respectively, P , 0.001). In addition, there were six severe (requiring assistance of another person to treat) episodes in the placebo group and none in vildagliptintreated patients (P = 0.032). The rate of hypoglycemia was also numerically (albeit not statistically significantly) lower with vildagliptin than placebo in the subgroup of elderly patients $ 65 years (mean age = 71 years), a patient population particularly susceptible to hypoglycemia due to age-associated impairment in counterregulatory responses. In a double-blind, 28-week extension (overall treatment period 1 year), the hypoglycemia benefit was still evident and the improvement in glycemic control was sustained in the patients continuing to receive vildagliptin 50 mg bid (∆ from week 0 = −0.5%, P , 0.001, n = 96). 21 Limitations of the above study relative to the present clinical practice of insulin therapy include the high mean daily dose of insulin that suppresses endogenous insulin secretion, the significant use of short-acting insulin, as well as the absence of metformin, ie, the exclusive use of insulin monotherapy. A further study evaluating vildagliptin in combination with insulin, intended to be more reflective of the current clinical use of insulin therapy, was therefore performed in 2011. This was a 24-week, multicenter, randomized, double-blind study comparing the effects of vildagliptin (50 mg bid, n = 228) with placebo (n = 221) added to ongoing insulin therapy, with or without metformin. 22 While the mean T2DM duration (13 years) and mean duration of insulin use (∼4.5 years) in this study were similar to the previous study, the mean total daily dose of insulin was about half (41 U/day). In addition, approximately 40% of patients were receiving a basal insulin regimen, and the remaining about 60% were treated with premixed insulin. As per the study design, the insulin dose was kept essentially stable over the course of the study (∆ = −1.1 vs −0.2 U/day with vildagliptin and placebo, respectively). Consistent with current clinical practice, over 60% of the patients were also receiving metformin (mean dose . 1900 mg/day) in addition to their insulin regimen.
After 24 weeks of treatment, vildagliptin reduced A1C by 0.8% (baseline 8.8%; 73 mmol/mol), with a between-group difference of −0.7% (P , 0.001) ( Figure 1 ). Significant reductions of similar magnitude were seen both in the presence and absence of metformin. The markedly lower glucose level achieved with vildagliptin vs placebo added to insulin was not associated with an increased risk of hypoglycemia. A low and comparable percentage of patients in the vildagliptin and placebo treatment groups experienced hypoglycemic events (8.4% vs 7.2%; P = not significant [NS]), with severe hypoglycemic episodes being experienced by 0.9% of patients in each treatment group. Treatment was also not associated with weight gain (∆ body weight = +0.1 kg with vildagliptin vs −0.4 kg in the placebo group).
Patients with long-standing T2DM and severe renal impairment (RI) often require insulin therapy. Hyperglycemia in these patients is particularly difficult to manage due to limited therapeutic options as well as frequent comorbidities. In a recent 24-week study of vildagliptin (50 mg once daily [qd]) in 515 patients with moderate or severe RI, 23 the vast majority of patients with severe RI (∼80%; n = 178; estimated glomerular filtration rate [eGFR] ∼21 mL/min/1.73 m 2 ) were receiving insulin background therapy, which allowed a subanalysis to be performed to evaluate vildagliptin in combination with insulin in this difficult to treat patient population. 24 Patients had a mean duration of T2DM of ∼19 years and had received insulin therapy for an average of ∼5 years. The mean insulin dose at baseline was 52 U/day (not changing meaningfully in either group during the study), and approximately 85% of patients received insulin monotherapy, with the majority receiving basal insulin either alone or in a basal/bolus regimen. From a lower baseline A1C (7.7%; 61 mmol/mol) than in the previous two studies, a marked reduction (∆ = −0.9%) was seen with vildagliptin (between-treatment difference = −0.6%, P , 0.001). Despite the mean A1C after 24 weeks of treatment with vildagliptin being below 7%, where hypoglycemia becomes increasingly more frequent with conventional intensification of treatment, the two treatment groups had an overall comparable hypoglycemia profile. In the vildagliptin group, 19/100 patients (19.0%) experienced a total of 36 events, while in the placebo group 11/78 patients (14.1%) had a total of 36 events, and there was a similarly low risk of severe hypoglycemia (2.0% with vildagliptin vs 2.6% with placebo). Body weight did not change in patients receiving vildagliptin (∆ = −0.1 kg) and increased slightly (by less than 1 kg) in patients receiving placebo.
In all three studies, vildagliptin in combination with insulin showed an overall safety profile consistent with that reported previously from a large pooled safety database. 25, 26 It is further worth mentioning that in addition to the experience described above, there has also been a recent report from an open-label, prospective, nonrandomized, 3-month observational study examining effects of adding vildagliptin or f ixed dose vildagliptin/metformin in 300 patients with T2DM inadequately controlled on their submit your manuscript | www.dovepress.com
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Vildagliptin/insulin combination therapy current insulin therapy. 27 In this real-life setting in India, it was observed that vildagliptin or vildagliptin/metformin fixed dose combination (titrated upward toward targeted glycemic levels) decreased A1C from 9.0% (75 mmol/mol) to 7.7% (61 mmol/mol) (P , 0.0001), with concomitant reduction in the mean daily insulin dose from 36 to 27 U/day. Body weight decreased modestly but significantly (by ∼1 kg). This report contained no information about hypoglycemia.
Taken together, in a wide variety of patients in the different clinical studies, vildagliptin in combination with insulin improved glycemic control without increased risk of hypoglycemia. The question of the potential mechanistic basis for this benefit therefore arises, which is discussed in the following section.
Mechanistic considerations
Under hyperglycemic conditions, insulin secretion is high and glucagon secretion is low, resulting in suppression of HGP. Insulin secretion is further augmented if the glucose levels are very high, leading to increased glucose utilization in the muscle. 28, 29 When glucose levels decrease from hyperglycemic levels, the first line of defense against hypoglycemia is the reduction in the insulin secretion rate. This reverses any increase in glucose utilization in muscle and decreases the insulin-glucagon ratio in the liver, leading to increased HGP. If this reduction in insulin secretion fails to prevent glucose levels from falling below ∼4.5 mM, the second line of defense against hypoglycemia is increased glucagon secretion, further decreasing the insulin-glucagon ratio in the liver and leading to even higher rates of HGP. If glucose levels drop below ∼3.5 mM, the third line of defense against hypoglycemia is increased catecholamine and cortisol secretion, which in turn further increase the rate of HGP.
30,31
The incretin hormones GLP-1 and GIP increase the sensitivity of the β-cells to glucose, leading to a more rapid and pronounced increase in insulin secretion in response to increased glucose levels and a more rapid and pronounced decrease in insulin secretion in response to a decrease in glucose levels.
19,32 GLP-1 and GIP also increase the sensitivity of the α-cells to glucose, leading to a more rapid and pronounced decrease in glucagon secretion in response to increased glucose levels in the hyperglycemic range (GLP-1) and a more rapid and pronounced increase in glucagon secretion in response to a decrease in glucose levels in the hypoglycemic range (GIP). 19, 33 The glucagon responses to hyper-and hypoglycemia were illustrated in a placebo-controlled cross-over study with vildagliptin, which used standard breakfast meal tests followed by hyperinsulinemic-stepped glucose clamps (7.5, 5.0, and 2.5 mmol/L glucose). 34 In that study it was shown that while vildagliptin suppressed inappropriate glucagon secretion during the standard meal tests (by 41%), it enhanced the glucagon response to hypoglycemia (at the 2.5 mM (Figure 2) . Vildagliptin prevents the inactivation of both GLP-1 and GIP. Presumably, GLP-1 decreases glucagon secretion during hyperglycemia, and GIP stimulates glucagon during hypoglycemia.
These glucose-dependent effects of GLP-1 and GIP underlie the glucose-lowering efficacy of DPP-4 inhibitors in patients with T2DM as well as their low propensity to elicit hypoglycemia. Insulin therapy is associated with increased hypoglycemia, and hypoglycemia limits insulin's ability to bring patients to the glycemic goal; the closer insulin brings a patient to the goal, the higher the hypoglycemic rate. Adding vildagliptin to patients on insulin therapy has been shown to lower the glucose levels further -likely via a GLP-1-induced reduction in glucagon during meals -and protected against hypoglycemia -likely via a GIP-induced increase in glucagon levels whenever glucose levels fall into the hypoglycemic range. In order for a GIP-induced increase in glucagon to translate into protection against hypoglycemia, these effects would need to be present during inter-meal and overnight periods when hypoglycemia is likely to occur. Vildagliptin inhibits DPP-4 and thereby prolongs the elevation in plasma levels of the intact and biologically active forms of GLP-1 and GIP 12 secreted at the beginning of each meal. The nature of vildagliptin's interaction with the DPP-4 enzyme as a substrate (substrate-like enzyme blocker) and its twice daily dosage regimen essentially results in a chronic blocking of DPP-4 inactivation of GLP-1 and GIP, leading to an extension of the physiological increases in GLP-1 and GIP at the beginning of meals, throughout the meals, between meals, and overnight. 12 In fact, fasting levels of GLP-1 and GIP are elevated in patients treated with vildagliptin. 12 Besides vildagliptin's effect to enhance glucagon counterregulation via increased glucose sensitivity in the α-cells, counterregulation is also enhanced during hypoglycemia by a further reduction in insulin secretion, by diminishing the suppression of glucagon secretion via the paracrine effect of insulin, and by stimulating glucagon secretion via activation of the autonomic nervous system. In the above-mentioned study on glucagon counterregulation during hypoglycemia, vildagliptin treatment enhanced the hypoglycemia-induced inhibition of insulin secretion and there was a clear trend by vildagliptin to increase the activity of the autonomic nervous system as indirectly observed by measuring the marker pancreatic polypeptide. 34 Therefore, several mechanisms may explain the protective effect of vildagliptin on glucagon counterregulation.
It should also be emphasized that although insulin inhibits glucagon secretion, it is unlikely that peripheral administration of insulin in a therapeutic setting results in sufficient intra-islet insulin levels to elicit such an effect. Therefore, the inappropriate hyperglucagonemia in T2DM remains to be targeted in patients on insulin, and adding a DPP-4 inhibitor will result in this lowering of glucagon.
Vildagliptin has also been studied in patients with type 1 diabetes (with no endogenous insulin secretion). In these patients vildagliptin showed reduced glucagon secretion during meals, leading to better glycemic control. 12, 35 However, in patients with T2DM on basal insulin regimens, 
Note:
b P , 0.05. Abbreviations: AUC, area under the curve; T2DM, type 2 diabetes; qd, once daily. 
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there was additionally improved β-cell function as assessed by the insulin secretion rate relative to glucose during an oral glucose tolerance test.
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Therapeutic considerations
As detailed earlier, all studies conducted with vildagliptin in combination with insulin showed an improvement in glycemic control with no clinically relevant increase in the risk of hypoglycemia. However, there were differences between the studies, both in the degree of the glucoselowering effect of vildagliptin/insulin as well as regarding whether a comparable hypoglycemia profile was seen versus placebo/insulin or even a reduction of hypoglycemia; these merit further discussion/reconciliation.
With respect to efficacy, in the first study by Fonseca et al, 20 the addition of vildagliptin to insulin monotherapy produced a modest improvement in glycemic control [−0.5% from a baseline of 8.4% and −0.3% relative to placebo]. In contrast, in the second study 22 as well as in the subgroup analysis in patients with severe RI, 24 robust reductions in A1C (−0.8% from a baseline of 8.8% [−0.7% relative to placebo] and −0.9% from a baseline of 7.7% [−0.6% relative to placebo]) were observed. A likely explanation for this difference is that in the first study by Fonseca et al, 20 patients were chronically exposed to high insulin levels of exogenous origin (mean . 80 U/day), suppressing endogenous insulin secretion, thus an improvement in β-cell function, a main mechanism of vildagliptin to improve glycemic control, is unlikely to have made a meaningful contribution to the glucose-lowering effect. Thus, the observed efficacy is mainly driven by the contribution that enhanced α-cell function can make to improved glycemia. On the other hand, in the second study in patients treated with basal or premixed insulin at a mean dose of ∼40 U/day, a significant improvement in β-cell function was demonstrated with vildagliptin, suggesting that the reduction in A1C was at least partly due to enhanced β-cell secretion of insulin. In addition, considering the mode of action of vildagliptin, while not directly assessed in the study, improved α-cell function, ie, reduced elevated postprandial and nighttime glucagon levels, can be predicted to have contributed to the A1C reduction in parallel with the improved β-cell function, thus yielding the full glucoselowering potential. Similar considerations likely also apply to the subgroup analysis in patients with severe RI, the majority of which were treated with basal insulin either alone or in a basal/bolus regimen at a mean dose of ∼50 U/day.
With respect to hypoglycemia, in the first study by Fonseca et al 20 , the addition of vildagliptin to insulin monotherapy significantly decreased both the frequency and severity of hypoglycemia relative to placebo plus insulin. In the second study as well as in the subgroup analysis in patients with severe RI, vildagliptin added to basal or premixed insulin showed a hypoglycemia profile similar to that of placebo/insulin, ie, the improvement in glycemic control was not associated with an increase in the incidence or severity of hypoglycemic episodes, although the A1C levels were considerably lower in the group treated with vildagliptin. As discussed in detail earlier, this protection against hypoglycemia is likely explained by an enhanced counterregulatory response to incipient hypoglycemia with vildagliptin, bearing in mind that this counterregulation is greatly impaired in insulin-dependent patients with T2DM who have more progressive damage of pancreatic islets compared to patients with less advanced T2DM and treated with OADs. 36 An open question remains, why, beyond preventing an increase in hypoglycemia as in the other two investigations, an actual reduction in the incidence and severity of hypoglycemia was seen in the Fonseca et al study. 20 This could potentially be related to the fact that the insulin regimen used in the Fonseca et al study 20 with high doses and often multiple daily injections of short-acting insulin(s) can cause more and lower excursions into the hypoglycemia range than is expected from the more predominant use of basal insulin and lower doses in the later two studies. For example, the high insulin doses during meals are predicted to increase the rate of post-meal hypoglycemia. Consistent with this thinking, a considerably higher underlying incidence of overall hypoglycemia as well as severe hypoglycemia was seen in the Fonseca et al study 20 than in the second more recent study (29.6% vs 7.2%), respectively, with three times more severe events. As a consequence, once the underlying incidence and/or severity are high enough, one would expect more opportunities to reduce hypoglycemia, which could provide an explanation for the observed results.
Taken together, the differences in the efficacy/hypoglycemia data between the initial and the two later studies are likely due to the differences in the insulin regimens utilized, which reflect the changes in the treatment paradigm of insulin therapy in T2DM toward the predominant use of insulin as a basal regimen (with or without metformin) 37 vs traditional approaches employed in the past to control postprandial glycemia.
This also has implications if one considers situations in which the use of vildagliptin/DPP-4 inhibitors in combination with insulin could be most desirable, ie, which treatment regimens/combinations are expected to provide the greatest benefit. As outlined earlier, it has become increasingly common submit your manuscript | www.dovepress.com
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to maintain metformin treatment in combination with insulin treatment. If DPP-4 inhibitors are used in combination with metformin and basal insulin, metformin and basal insulin would lower basal glucose levels and the DPP-4 inhibitor would provide the bolus action to reduce postprandial glucose levels while having an additional small effect to lower fasting levels further. Alternatively, a reduction in the insulin dose requirements could be achieved. In any case such a treatment regimen would optimally utilize the complementary mechanisms of action of the different treatment components, making it easier for physicians to treat patients to target with insulin therapy without an increased risk of hypoglycemia or weight gain. Further studies are therefore warranted to study this particular combination and patient segment.
Conclusion
Vildagliptin in combination with insulin has been shown to improve glycemic control with hypoglycemia and weight benefits versus what is commonly seen with intensification of insulin therapy, particularly as a patient approaches the goal. The protection against hypoglycemia seen with vildagliptin has a solid mechanistic basis; it is likely mediated via a GIPinduced increase in glucagon levels whenever glucose levels fall into the hypoglycemic range. Vildagliptin treatment extends the physiological increases of the incretin hormones at the beginning of meals, throughout the meals, between meals, and in the overnight period. The data support the use of vildagliptin in combination with insulin in general, and in line with emerging clinical practice, suggest that treating patients with vildagliptin, metformin, and basal insulin could be an attractive therapeutic option.
